The RecQ DNA helicases, human BLM and yeast Sgs1, form a complex with topoisomerase III (Top3) and are thought to act during DNA replication to restart forks that have paused due to DNA damage or topological stress. We have shown previously that yeast cells lacking SGS1 or TOP3 require MMS4 and MUS81 for viability. Here we show that Mms4 and Mus81 form a heterodimeric structure-specific endonuclease that cleaves branched DNA. Both subunits are required for optimal expression, substrate binding, and nuclease activity. Mms4 and Mus81 are conserved proteins related to the Rad1-Rad10 (XPF/ERCC1) endonuclease required for nucleotide excision repair (NER). However, the Mms4-Mus81 endonuclease is 25 times more active on branched duplex DNA and replication fork substrates than simple Y-forms, the preferred substrate for the NER complexes. We also present genetic data that indicate a novel role for Mms4-Mus81 in meiotic recombination. Our results suggest that stalled replication forks are substrates for Mms4- Efficient DNA replication requires that forks move unimpeded throughout the genome. However, even under optimal conditions, forks are blocked by transcription, DNA packaging proteins, and topological stress. Another significant cause of replication fork arrest is DNA damage. The process of re-establishing fork movement has been studied most productively in bacteria, in which connections have been identified between this process and recombinational repair enzymes (Cox 2001). Because of their role in restarting replication, mutations in recombination enzymes are often associated with DNA damage sensitivity, even though the repair systems themselves (e.g., excision repair) are fully functional (Courcelle and Hanawalt 2001). Moreover, failure to efficiently resume synthesis can lead to double-strand DNA breaks (DSBs), hyper-recombination, and genome rearrangements. One pathway for restoring replication forks requires both excision repair and recF function (Courcelle and Hanawalt 2001) . recF is required to resume DNA synthesis following UV-induced DNA damage and to stabilize the nascent strands at stalled forks (Courcelle et al. 1997) . Two other members of the recF pathway, the RecJ exonuclease and the RecQ helicase, are required for limited degradation of nascent strands at stalled replication forks (Courcelle and Hanawalt 1999) . This degradation may be important for proteins to gain access to the fork so as to stabilize it and reload the replication machinery.
Efficient DNA replication requires that forks move unimpeded throughout the genome. However, even under optimal conditions, forks are blocked by transcription, DNA packaging proteins, and topological stress. Another significant cause of replication fork arrest is DNA damage. The process of re-establishing fork movement has been studied most productively in bacteria, in which connections have been identified between this process and recombinational repair enzymes (Cox 2001) . Because of their role in restarting replication, mutations in recombination enzymes are often associated with DNA damage sensitivity, even though the repair systems themselves (e.g., excision repair) are fully functional (Courcelle and Hanawalt 2001) . Moreover, failure to efficiently resume synthesis can lead to double-strand DNA breaks (DSBs), hyper-recombination, and genome rearrangements. One pathway for restoring replication forks requires both excision repair and recF function (Courcelle and Hanawalt 2001) . recF is required to resume DNA synthesis following UV-induced DNA damage and to stabilize the nascent strands at stalled forks (Courcelle et al. 1997) . Two other members of the recF pathway, the RecJ exonuclease and the RecQ helicase, are required for limited degradation of nascent strands at stalled replication forks (Courcelle and Hanawalt 1999) . This degradation may be important for proteins to gain access to the fork so as to stabilize it and reload the replication machinery.
In eukaryotic cells, RecQ DNA helicases comprise a family of proteins required for genome stability and resistance to DNA-damaging agents (Chakraverty and Hickson 1999) . The human diseases Bloom's syndrome, Werner's syndrome, and a subset of Rothmund-Thomson syndrome are caused by mutations in the RecQ helicase genes BLM, WRN, and RTS (RECQL4) , respectively. These diseases are characterized by a predisposition to cancer and the mutant cell lines exhibit cytogenetic evidence of DNA rearrangements. The yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe each contain a single RecQ helicase, Sgs1 and Rqh1, respectively. Mutations in SGS1 result in increased rates of recombination, impaired sporulation, and an increased sensitivity to DNA-damaging agents as well as the DNA synthesis inhibitor hydroxyurea (HU) (Gangloff et al. 1994; Watt et al. 1996; Mullen et al. 2000) . rqh1 mutants were identified in fission yeast on the basis of their sensitivity to HU and were shown to be defective in recovery from S-phase arrest (Stewart et al. 1997 ). These studies suggest that recovery from DNA synthesis arrest is a conserved function of RecQ DNA helicases.
The eukaryotic RecQ homologs described above share a helicase domain with Escherichia coli RecQ, but also contain an N-terminal extension. The WRN protein is unique among these enzymes in that its N-terminal domain displays a 3Ј-5Ј exonuclease activity (Huang et al. 1998) . WRN copurifies with a number of replication proteins including PCNA and DNA topoisomerase I (Top1) (Lebel et al. 1999) . In contrast to WRN, BLM and the yeast enzymes are closely associated with DNA topoisomerase III (Top3). The yeasts require Top3 for optimal growth or viability, but this requirement is bypassed by mutations in SGS1 or rqh1 + (Gangloff et al. 1994; Goodwin et al. 1999) . Top3 physically interacts with Sgs1 and BLM, and in both cases it binds the extreme N terminus of its cognate helicase (Gangloff et al. 1994; Bennett et al. 2000; Wu et al. 2000; Fricke et al. 2001; Hu et al. 2001 ). In the cell, BLM colocalizes with Top3␣ in PML bodies (Johnson et al. 2000; Wu et al. 2000; Hu et al. 2001) . Interestingly, human cells lacking PML display elevated rates of sister-chromatid exchange (SCE), which is the primary genomic instability associated with Bloom's syndrome cells (Zhong et al. 1999 ). The interaction between BLM and Top3 may underlie its ability to functionally complement yeast sgs1 phenotypes relative to WRN (Heo et al. 1999) .
Eukaryotic Top3 displays weak superhelical relaxing activity and, like Top1 from Escherichia coli, it requires access to ssDNA regions for this activity (Kim and Wang 1992) . On the basis of its poor relaxing activity, it was suggested that Top3's in vivo function may involve recombination as opposed to the relaxation of superhelical stress (Wang et al. 1990 ). Interestingly, E. coli Top3 also displays poor relaxing activity but is particularly active in the resolution of replicated pBR322 molecules in an in vitro DNA replication system (DiGate and Marians 1988) . Further, Top3 from yeast or E. coli has been shown to cooperate with RecQ DNA helicase in the catenation of circular dsDNA (Harmon et al. 1999) . These results support the suggestion that eukaryotic Top3 may act at paused or converging replication forks to unlink the parental duplex (Wang 1991) .
The exact mechanism by which these proteins act to restore replication forks is not known. One line of thought involves the regression of stalled forks into Holliday junctions (HJs). There is good evidence that this occurs in E. coli cells deficient in replicative DNA helicase activity (Seigneur et al. 1998) . In support of this idea, Sgs1 is known to bind branched DNA and its DNA helicase activity can be assayed on a number of branched substrates including HJs (Bennett et al. 1999 ). In the case of BLM, it has been suggested that the role of the helicase is to act on these regressed forks and return the HJs to their original form (Karow et al. 2000) . On the other hand, mounting evidence suggests that the activities of these RecQ helicases and Top3 are codependent. Sgs1 appears to be constitutively bound to Top3 in yeast cell extracts (Fricke et al. 2001 ) and most, if not all, sgs1 phenotypes are mimicked or exacerbated in Top3 mutants (Gangloff et al. 1994) . It is also revealing that sgs1⌬ phenotypes are more efficiently complemented by the Top3 interaction domain of Sgs1 than by its helicase domain (Mullen et al. 2000) .
To further characterize the in vivo function of Sgs1, we previously isolated several slx mutants that require SGS1 for viability (Mullen et al. 2001) . The mutations identified in this screen appear to define a pathway for bypassing Sgs1-Top3 function because they are lethal in combination with sgs1⌬, sgs1-hd (a helicase-defective allele), or top3⌬. Mutations in MMS4 and MUS81 (formerly SLX2 and SLX3), were found to generate identical phenotypes that parallel those of sgs1 mutants. These include UV and MMS sensitivity, complete loss of sporulation, and synthetic growth defects with mutations in TOP1 (Mullen et al. 2001) . Homologs of Mms4 and Mus81 are found in numerous species, including humans, and they share amino acid sequence similarity with the Rad1-Rad10 (XPF-ERCC1) endonuclease that functions in nucleotide excision repair (NER; Bardwell et al. 1994) . In this study, we tested the biochemical implications of these results. We show that Mms4 and Mus81 form a structure-specific endonuclease and that one of its preferred substrates is a replication fork. The data suggest that the Mms4-Mus81 endonuclease cleaves stalled replication forks, allowing replication to continue in the absence of Sgs1-Top3 function.
Results

Recombinant Mms4 and Mus81 form a heterodimeric complex
We had shown previously that the Mms4 and Mus81 proteins are associated in crude yeast extracts (Mullen et al. 2001) . To determine whether these proteins form a simple heterodimeric complex, we expressed them together in E. coli. Each gene was subcloned downstream of an inducible promoter and the two expression cassettes were combined in a single plasmid (Fig. 1A) . For purification purposes, the Mms4 protein was provided with a hexa-histidine tag at its N terminus. Extracts from induced cells were fractionated by phosphocellulose column chromatography and analyzed by immunoblot using antibodies raised against Mms4 or Mus81. Both proteins bound the resin and they eluted simultaneously at ∼650 mM NaCl (Fig. 1B) . Peak fractions from this column were applied to a Ni-agarose column and eluted with increasing concentrations of imidazole. Immunoblotting these fractions indicated that both proteins bound the resin and could be eluted with imidazole (Fig. 1C) . Silver staining revealed that the 50 and 100-mM imidazole fractions contained highly purified Mms4 and Mus81, whereas the 200-mM imidazole fraction consisted of a nearly homogeneous preparation of these proteins (Fig. 1D ). Further analysis of this material revealed that Mms4 and Mus81 cofractionated under stringent immunoprecipitation (Mullen et al. 2001 ) and gel filtration conditions (500 mM NaCl; data not shown). We conclude that Mms4 and Mus81 form a tight com-plex. To determine the stoichiometry of the complex, additional preparations were subjected to gel filtration chromatography, SDS-PAGE, and densitometric scanning of Coomassie blue-stained gels. On the basis of size, a simple 1:1 molar ratio of Mms4-Mus81 predicts that the intensity of the stained bands will have a ratio of 1.13 (711/632 amino acids). Experimentally, we obtained a value of 1.15 ± 0.02 (data not shown). Thus, we conclude that Mms4 and Mus81 are present in a 1:1 molar ratio in this complex.
Structure-specific endonuclease activity of the Mms4-Mus81 complex
The amino acid sequence similarity of Mms4-Mus81 to the yeast Rad1-Rad10 proteins suggested that it might possess a nuclease activity. To test this hypothesis, we incubated the Mms4-Mus81 complex with a variety of 32 P-labeled DNA substrates in the presence of Mg2+ and analyzed the products by polyacrylamide gel electrophoresis. Neither single-stranded nor double-stranded DNA was affected by incubation with Mms4-Mus81 ( Fig. 2A) . In contrast, when increasing amounts of Mms4-Mus81 were incubated with a branched substrate consisting of duplex DNA with noncomplementary tails (Y-form), nearly complete cleavage was obtained (Fig. 2B, lanes  1-5) . The product migrated to a position that was intermediate to that of the substrate and linear ssDNA, indicating that a portion of the molecule had been removed. Nuclease activity was dependent on Mg2+ and was completely inhibited in the presence of excess EDTA (data not shown). Cleavage is relatively specific for the Y-form as another branched substrate, a HJ, was only partially cleaved by the highest concentration of the complex (Fig.  2B , lanes 6-10). When the cleaved products of fixed HJs were analyzed by denaturating gel electrophoresis, we observed cutting at numerous positions that were not localized to the crossover site (data not shown). We conclude that this weak cleavage is nonspecific and may be analogous to the random cleavage of HJs that has been observed with the yeast Rad1 protein (Habraken et al. 1994) .
To determine which of the strands had been cleaved from the Y-form substrate, a portion of the cleavage product was denatured by boiling prior to gel electrophoresis. By use of a substrate in which the 3Ј end of the duplex portion was labeled, the digested and boiled product migrated at the position of unit-length ssDNA (Fig. 2C, lane 7) . This indicates that the unlabeled strand of this substrate had been cleaved. To confirm this interpretation, we labeled the Y-form substrate at the 5Ј end of the duplex and treated it as above. As expected, a band migrating faster than unit length linear was obtained (Fig. 2C, lane 14) . We conclude that Mms4-Mus81 cleaves the 3Ј noncomplementary strand of the Y-form substrate. With respect to this substrate, Mms4-Mus81 has the same cleavage specificity as the Rad1-Rad10 (XPF-ERCC1) endonuclease (Bardwell et al. 1994; de Laat et al. 1998a) .
To further characterize the Mms4-Mus81 endonuclease, we tested a variety of branched DNA substrates ranging from the simple Y-form to a completely duplex form that resembles a replication fork. A titration of Mms4-Mus81 revealed that less than half of the Y-form substrate was cleaved with 10 ng of the complex (Fig.  3A) . The cleaved product migrated with a marker consisting of the same labeled oligo annealed to a 24-nucleotide complementary strand (Fig. 3A , lane X). This product is consistent with cleavage of the noncomplementary 3Ј tail, at or near the branch point. When the nuclease was incubated with duplex DNA containing a protruding 3Ј ssDNA branch, complete cleavage was observed with just 0.6 ng of Mms4-Mus81 (Fig. 3B ). Migration of the product relative to a specific marker (Fig. 3B , lane Y) again indicates that cleavage occurred at or near the branch point. By use of duplex DNA with a 5Ј ssDNA protrusion, we observed very little digestion with as much as 10 ng of Mms4-Mus81 (Fig. 3C ). The lack of cleavage on this substrate, relative to the simple Y-form, suggests that duplex 3Ј branches are not substrates for the nuclease. However, when the nuclease was incubated with a completely duplex Y-form, a replication fork (RF) substrate, complete digestion was again obtained with 0.6 ng of Mms4-Mus81 (Fig. 3D ). Densitometric quantitation of these gels indicates a 25-fold preference for this substrate over the simple Y-form. We conclude that the optimal substrates for the Mms4-Mus81 nuclease are duplex DNA with a 3Ј ssDNA branch and the RF structure. This activity contrasts with that of Rad1-Rad10 and XPF-ERCC1. Relative to the simple Yform, the NER complexes are less active on duplex DNA with a protruding 3Ј branch (Rodriguez et al. 1996; de Laat et al. 1998a ).
Binding and cleavage by the Mms4-Mus81 dimer
To characterize the roles of Mms4 and Mus81 in the cleavage reaction, we separately purified recombinant epitope-tagged versions of the two subunits and tested them for nuclease activity. Although immunoblot analysis revealed that the individual subunits were expressed poorly relative to their simultaneous expression, phosphocellulose and Ni-agarose chromatography yielded highly purified preparations of the two proteins (Fig. 4A) . The full-length protein was the major component of each preparation, although smaller polypeptides were detected that are likely to be breakdown products, as they reacted with antibodies raised against the respective protein. Incubation of Mms4 or Mus81 alone with the RF substrate resulted in little or no nuclease activity. As shown in Figure 4B , only minor digestion products were obtained with 10 ng of Mms4, whereas 10 ng of Mus81 yielded no detectable product. In contrast, only 1 ng of the heterodimer was required for complete cutting of the RF substrate. Densitometric quantitation of this assay revealed that the heterodimer was 2300-fold more active than the Mms4 subunit alone. Attempts to reconstitute endonuclease activity from the individual subunits were unsuccessful. On the basis of these results, we conclude that the individual subunits have little or no nuclease activity on their own, and that the heterodimer is the active form of these proteins. The individual subunits were then tested for the ability to bind substrate DNA by use of a UV cross-linking assay in the absence of Mg2+. Mms4, Mus81, or the Mms4-Mus81 dimer was incubated with labeled RF substrate in the presence of EDTA. The mixture was then UV cross-linked and the proteins were immunoprecipitated and subjected to SDS-PAGE to identify protein-DNA cross-links. As shown in Figure 5A , neither Mms4 nor Mus81 bound the RF substrate under these conditions. However, the heterodimer resulted in a strong signal, indicating that it bound the RF substrate. This complex could be immunoprecipitated with antisera raised against either Mms4 or Mus81, but not an unrelated antiserum. We conclude that both subunits are required for substrate binding activity and that both subunits are present on the substrate DNA.
Finally, we tested the role of the individual subunits in the endonuclease activity of the complex by assaying Mms4-Mus81 activity in the presence of specific antisera. Mms4-Mus81 complex was incubated with increasing amounts of antiserum raised against Mms4 or Mus81, and the mixtures were used in a standard nuclease assay with the RF substrate. Incubation with antiserum raised against Mms4 reduced the activity of the complex although substantial cleavage was observed even at the highest antibody concentration (Fig. 5B) . Treatment with anti-serum raised against Mus81 inhibited Mms4-Mus81 nuclease activity almost entirely, whereas incubation with preimmune serum had no effect (Fig. 5B) . The failure of the anti-Mms4 serum to completely inhibit nuclease activity may be due to the fact that it was raised against a portion of the protein (residues 1-471). We therefore conclude that optimal endonuclease activity requires both subunits.
MMS4 and MUS81 are required for meiosis in response to recombination
Among the phenotypes shared by yeast strains with mutations in MMS4 or MUS81 is a defect in meiosis. Although homozygous mms4 or mus81 diploids are unable to produce four-spored asci when grown under sporulation conditions, microscopic analysis of these sporulating diploids revealed that both produced two-spored asci at a very low frequency. This phenotype contrasts with that of the slx4 diploid, which sporulated normally (Mullen et al. 2001) . Quantitation of this phenotype indicated that mms4 and mus81 diploids produced twospored asci at nearly identical rates (∼0.5%) and microdissection revealed that spores from either diploid had very low viability (∼10%; Table 1 ). This phenotype is reminiscent of the reduced sporulation and viability seen in sgs1 and top3 homozygous diploids (Gangloff et al. 1999) . To determine whether this meiotic defect was dependent on recombination, we constructed mms4 and mus81 mutants containing deletions of the SPO11 and SPO13 genes. Cells lacking SPO11 are unable to initiate recombination due to the lack of DSBs, whereas spo13 
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Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from mutants bypass meiosis I. The spo11 spo13 double mutants allow one to recover viable meiotic products in the absence of recombination (Malone and Esposito 1981) . As shown in Table 1 , ∼20% of the spo11 spo13 double mutants, in an otherwise wild-type background, are able to sporulate. Although this rate is reduced relative to wild type, the resulting spores show near wild-type levels of viability (77%). Loss of either SPO11 or SPO13 in an mms4 background weakly suppressed the sporulation defect, whereas loss of both SPO11 and SPO13 resulted in complete suppression; 22% of mms4 spo11 spo13 cells sporulated compared with 20% for spo11 spo13 cells (Table 1) . Further, the viability of spores derived from mms4 spo11 spo13 cells was improved to near wild-type levels ( Table 1 ). The meiotic defects associated with mus81 were suppressed by the spo11 spo13 mutations in a similar manner. We conclude that the essential role of Mms4 and Mus81 in meiosis depends on recombination and may involve the processing of recombination intermediates. Consistent with previous observations (Mullen et al. 2001) , the mms4 and mus81 phenotypes are identical in every assay we have tested.
Discussion
The results presented here confirm that Mms4 and Mus81 comprise a complex with a distinct biochemical activity as suggested by earlier genetic studies. Multiple alleles of MMS4 and MUS81 were isolated in an sgs1 synthetic-lethal screen and subsequent epistasis experiments indicated that they were required in the same pathway for DNA damage resistance (Mullen et al. 2001) . Additional genetic evidence presented here indicates that the meiotic phenotypes of these mutants are quantitatively similar and suppressible by eliminating recombination. Mms4 and Mus81 were suspected to function together in vivo as they coimmunoprecipitated from yeast cell extracts (Mullen et al. 2001 ), however, it was not clear whether this interaction required additional components. We found that recombinant Mms4 and Mus81 are poorly expressed individually, but are synthesized in good yield with relatively few degradation products when expressed together in the same cell. This behavior is often observed when multisubunit complexes are reconstituted in recombinant form (Bochkareva et al. 1998 ). Mms4-Mus81 bound phosphocellulose at high salt, as expected for a DNA-binding protein, and was stable in the presence of 0.5 M NaCl. Thus, Mms4 and Mus81 are capable of forming a complex in the absence of other yeast proteins. The 1:1 ratio of subunits suggests that the complex may be a simple heterodimer in solution. Mms4 and Mus81 are codependent for structure-specific DNA binding and endonuclease activity, as neither subunit displays these activities on their own.
The Mms4-Mus81 complex was tested for endonuclease activity on the basis of its amino acid sequence similarity to the Rad1-Rad10 (XPF-ERCC1) complex involved in NER (Mullen et al. 2001 ). The C terminus of Mus81 contains two regions of similarity to Rad1 (amino acids 823-1047), including a helix-hairpin-helix (HhH) domain, whereas the C terminus of Mms4 shows weak similarity to a region of Rad10 (amino acids 93-210) (Interthal and Heyer 2000; Mullen et al. 2001 ). These domains are known to mediate the Rad1-Rad10 and XPF-ERCC1 interactions (Bardwell et al. 1993; de Laat et al. 1998b) , suggesting that the dimerization interface is conserved in Mms4-Mus81 (Mullen et al. 2001 ). However, amino acid sequence analysis has suggested that these C-terminal regions also contain residues important for metal ion coordination (Aravind et al. 1999) . Thus, the conserved C-terminal domains may contain both catalytic and dimerization functions.
Mms4-Mus81 differs from the NER complexes in several ways. The most notable difference is the large size of Mms4 (691 amino acids) compared with Rad10 (210 amino acids) and ERCC1 (297 amino acids). These additional residues comprise a unique 300 amino acid Nterminal extension that is essential for activity, as the mms4-1 loss-of-function mutation (G173R) maps to this region (Xiao et al. 1998 ). This domain may be involved in a novel activity, such as substrate recognition, or mediation of specific protein-protein interactions. At the cellular level, there is no obvious overlap in the mutant phenotypes of mms4-mus81 and rad1-rad10. Although mms4 and mus81 mutants are sensitive to DNA-damaging agents, the level of sensitivity resembles that of sgs1 strains and is orders of magnitude less than that of rad1 or rad10 mutants. This level of sensitivity suggests that the Mms4-Mus81 complex plays an indirect role in DNA damage resistance, rather than a direct role in DNA repair. We also note that rad1-rad10 mutants have no reported defects in meiosis similar to those found in mms4-mus81 strains.
Enzymatically, both Mms4-Mus81 and the NER complexes are structure-specific endonucleases that cleave 3Ј ssDNA extensions at duplex-ssDNA junctions (Bardwell (Rodriguez et al. 1996; de Laat et al. 1998a) . In contrast, Mms4-Mus81 endonuclease activity is more active on this substrate relative to the simple Y-form. When the 3Ј protrusion is duplex, as in duplex DNA with a 5Ј ssDNA branch, Mms4-Mus81 fails to cleave, suggesting that the duplex 3Ј arm is not recognized as a substrate. The fact that Mms4-Mus81 activity is restored on the RF substrate suggests that the enzyme recognizes the single-or double-stranded nature of the uncleaved 5Ј arm with dsDNA acting as a positive effector. Taken together with the fact that mms4-mus81 phenotypes are distinct from rad1-rad10 phenotypes, we suggest that the RF substrate, and not the simple Y-form, is the in vivo substrate for Mms4-Mus81.
To explain the roles of Mms4-Mus81 and Sgs1-Top3 in vegetative growth, we propose the following model (Fig. 6A) . Replication forks arrested in response to DNA damage can be re-established by one of two pathways. On the basis of RecQ function in E. coli, we suggest that Sgs1/Top3 acts to remove the nascent DNA strands from the parental duplex. This may occur in conjunction with a still unidentified exonuclease analogous to RecJ. The exposed DNA template is then bound by proteins (e.g., RPA, Pol ␣, etc.) to stabilize the fork and recruit DNA replication proteins. Simultaneously, excision repair proteins remove the damage so that fork movement can resume. The stalled fork is a reasonable substrate for RecQ helicases as both Sgs1 and BLM bind branched DNA structures (Bennett et al. 1999; Karow et al. 2000) . Although Top3 may relax the topological stress induced by Sgs1 helicase activity, its function in this model may be analogous to the decatenation of strands by Top3 at the termination of pBR322 replication in vitro (DiGate and Marians 1988; Wang 1991) . The demonstration that E. coli RecQ and Top3 cooperate to catenate dsDNA (Harmon et al. 1999 ) supports the combined role of these proteins in this pathway.
The requirement for Sgs1-Top3 can be bypassed by use of the structure-specific endonuclease activity of Mms4-Mus81 (Fig. 6A, right) . In this case, the leading strand template is cleaved from the fork while repair proteins correct the DNA duplex. Following gap repair, the DSB created by Mms4-Mus81 cleavage recombines with the repaired sister chromatid through an undefined mechanism. The process that re-establishes the fork may be a form of break-induced replication (BIR) (Paques and Haber 1999) . We note that this process may be dependent on activities distinct from other forms of BIR, and obvious candidates for these activities include the four novel SLX genes that were isolated along with MMS4 and MUS81 (Mullen et al. 2001) . This model makes several predictions including the possibility that Mms4-Mus81 is responsible for replication-dependent sister chromatid recombination that is induced by unrepaired UV damage (Kadyk and Hartwell 1993) . In addition, human Mms4-Mus81 may play a role in the increased levels of SCE that are the hallmark of BLM −/− cells (Chaganti et al. 1974 ). The model also accounts for the moderate DNA damage sensitivity of cells lacking Sgs1-Top3 or Mms4-Mus81, as they retain the major DNA repair pathways (e.g., NER) and are only compromised in their ability to recover from fork arrest. We note that alternative models include the possibility that the substrate for Mms4-Mus81 is a recombination intermediate consisting of duplex DNA with a 3Ј branch.
To explain the role of Mms4-Mus81 in meiosis, we propose that it is required to resolve recombination intermediates that consist of duplex DNA with a 3Ј ssDNA protrusion. Such an intermediate might occur during the initiation of meiotic recombination (Fig. 6B) . DSBs are normally substrates for recombinational repair. However, breaks that occur in regions of heterozygosity may generate 3Ј ends lacking complete homology. Upon invasion of the homologous chromosome, this strand would be expected to pair with homologous sequences and generate an unpaired 3Ј tail (Fig. 6B ). This nonhomologous tail can be cleaved by Mms4-Mus81 to provide the proper terminus for extension by DNA polymerase and subsequent formation of HJs. Although the removal of the 3Ј tail in this model appears to resemble that catalyzed by Rad1-Rad10 in single strand annealing (SSA) (Paques and Haber 1999) , this substrate is devoid of ssDNA downstream of the 3Ј branch. This is expected to be different from the substrate in SSA, in which long regions of the 5Ј ends are resected prior to annealing. We note that additional roles for this cleavage activity are conceivable. For example, Mms4-Mus81 activity would be required subsequent to any strand annealing step that produces duplex DNA with a 3Ј ssDNA protrusion.
The Mms4-Mus81 complex may interact physically with additional proteins to execute its function in vivo. In the case of NER, the damage-recognition protein XPA binds ERCC1 and is thought to target the endonuclease to sites of DNA damage (Park and Sancar 1994) . It has not yet been tested whether Rad14 (XPA) binds Mms4. On the other hand, Mus81 was shown to interact with Rad54 , a protein required for recombination, but whose function is not clearly defined. Rad54 stimulates the strand-pairing activity of Rad51 and displays DNA-dependent ATPase activity (Petukhova et al. 1998) . A role for Mus81 in recombination is consistent with the meiotic phenotypes reported here, however, our preliminary efforts to identify a functional interaction between these proteins have failed to find an effect of Mms4-Mus81 on the ATPase activity of Rad54 (W.M. Fricke and S.J. Brill, unpubl.) .
Finally, S. pombe mus81+ was isolated in a two-hybrid screen with the FHA1 domain of the Cds1 checkpoint kinase (Boddy et al. 2000) . As in budding yeast, mus81+ was shown to play a role in meiosis and to be essential for viability in the absence of the RecQ homolog rqh1+ (Boddy et al. 2000) . Epistasis experiments support an interaction with recombination proteins and suggest that spMus81 and Cds1 participate in the repair of DNA damage. Interestingly, MMS4 from S. cerevisiae was isolated Mms4-Mus81 endonuclease recently in a two-hybrid screen with the meiotic checkpoint kinase Mek1, which contains a pers. comm.) . Taken together, these results suggest that Mms4-Mus81 may interact functionally with checkpoint kinases. A regulatory role for Mms4-Mus81 is suggested by the fact that Mus81 is phosphorylated in S. pombe (Boddy et al. 2000) and Mms4 is phosphorylated in S. cerevisiae (S.J. Brill, unpubl.) . Further experimentation will be required to test the possibility that Mms4-Mus81 plays a role in damage-dependent cell cycle regulation.
Materials and methods
Strains and plasmid construction
The yeast strains used in this study are derived from the wildtype strain . Standard genetic techniques and reagents were used in the construction, transformation, and growth of yeast (Rose et al. 1990 ). Homozygous diploid strains were constructed by crossing haploids derived from JMY375 (W303-1a mms4-10ϻKAN) and JMY380 (W303-1a mus81-10ϻKAN) (Mullen et al. 2001) . These derivatives contain the complete deletion alleles spo11-11ϻKAN,loxP and/or spo13-20ϻHGR, which were constructed using PCR amplification with genespecific primers off plasmids pUG6 (kanamycin) (Guldener et al. 1996) or pAG32 (hygromycin B) (Goldstein and McCusker 1999) , respectively. Proper integrative transplacement and segregation were determined by analytical PCR.
Recombinant proteins were expressed by use of the T7 RNA polymerase system and vectors pET11a (Studier et al. 1990 ) and pET28a (Novagen). Plasmid pNJ6217 expresses a 711 amino acid version of Mms4 (80,876 daltons) containing a hexa-histidine tag at its N terminus. Plasmid pJM6301 expresses the 632 amino acid wild-type version of Mus81 (72,263 daltons). The double expression plasmid pJM6220 was constructed by moving the 2.7-kb MluI/BamHI fragment from pJM6301 into the MluI/ BglII sites of pNJ6217. Plasmid pNJ6313 expresses a 665 amino acid version of Mus81 (75,952 daltons) that contains a V5-epitope and a hexa-histidine tag at its C terminus.
Purification of recombinant proteins
E. coli BL21-RIL cells (Stratagene) containing plasmids pNJ6220 (His6-MMS4 MUS81), pNJ6217 (His6-MMS4), and pNJ6313 (MUS81-V5-His6) were grown at 37°C until the OD600 = 0.5, at which time the cells were induced with 0.2 (pNJ6313) or 0.4 mM (pNJ6217, pNJ6220) IPTG and were grown an additional 2.5 h at 37°C. The induced cells were pelleted and resuspended and frozen at −80°C in Buffer B (25 mM HEPES at pH 7.5, 10% glycerol, 1 mM EDTA, 0.01% NP-40, 1 mM DTT, and 0.1 mM PMSF) containing 50 mM NaCl and protease inhibitors. All subsequent steps took place at 0 or 4°C. Induced cells were thawed, sonicated three times for 1 min, centrifuged at 26,900g for 20 min, and the supernatant taken as extract.
For the Mms4-Mus81 complex, the NaCl concentration was adjusted to 150 mM and loaded onto a 40-mL phosphocellulose column. The column was washed with three column volumes of Buffer B plus 150 mM NaCl and eluted with an eight columnvolume gradient from 150 to 1000 mM NaCl in Buffer B without DTT and EDTA. Peak Mms4-Mus81 fractions eluted at 650 mM NaCl, which were pooled and batch bound to 2 mL of Ni Probond resin (Invitrogen) in the presence of 10 mM imidazole for 3 h, after which the resin was poured into a column. The column was washed with 10 column volumes of Buffer N (25 Figure 6 . Proposed role of Mms4-Mus81 in resolving stalled replication forks and meiotic recombination intermediates. (A) Replication fork arrest. A replication fork that encounters DNA damage (in this case, on the leading strand template) arrests and can be resolved by one of two pathways. In the left pathway, Sgs1 and Top3 (dark gray ovals) remove the nascent DNA (gray) from the parental duplex by virtue of its helicase and decatenation activities. The fate of these strands is not shown and they may be degraded. The ssDNA template formed in this step nucleates stabilization and replication proteins (gray circles), while the DNA repair machinery (white circles) fixes the damage. Newly loaded replication proteins (data not shown) re-establish fork movement. In the pathway at right, Mms4-Mus81 cleaves the leading strand template from the stalled fork. Following repair of the damage, ssDNA gaps are filled in. The DSB is repaired by a form of homologous recombination off the sister chromatid, which is initiated by the 3Ј end of the cleaved arm invading the sister duplex. Extension of the invading strand creates a D-loop, lagging strand synthesis, and establishment of a replication fork. (B) Meiotic DSBs that occur in regions of heterogeneity initiate homologous recombination by pairing with target sequences on the homologous chromosome. The nonhomologous 3Ј end is a substrate for cleavage by Mms4-Mus81. This creates the appropriate 3Ј terminus, which allows elongation by DNA polymerase and subsequent formation of HJs. mM Tris-HCl at pH 7.5, 500 mM NaCl, 10% glycerol, 0.01% NP-40, 1 mM PMSF) plus 10 mM imidazole, followed by seven column volumes of Buffer N plus 50 mM imidazole. The Mms4-Mus81 dimer was eluted in seven half-column volume fractions each of Buffer N plus 100 mM imidazole followed by Buffer N plus 200 mM imidazole. The Buffer N plus 200 mM imidazole fractions were pooled and dialyzed against Buffer A containing 100 mM NaCl. The Mms4 and Mus81 subunits were purified as above except that the extracts were loaded onto a phosphocellulose column at 75 mM KCl and washed with three column volumes of Buffer A plus 75 mM KCl. Proteins were eluted with an eight column-volume gradient from 100 to 1000 mM NaCl in Buffer B without DTT and EDTA. Peak fractions were pooled and batch bound to 1 mL Ni Probond resin for 2 h. The resin was poured into a column, washed consecutively with 10 column volumes of Buffer N containing 10 mM imidazole plus an additional 0.5 M NaCl, and three column volumes of Buffer N containing 50 mM imidazole. The bound proteins were then eluted with Buffer N plus 250 mM imidazole and dialyzed as above.
Immunological techniques
Rabbit antisera were raised against recombinant gel-isolated Mms4 (1-471) and amylose-purified MBP-Mus81 (1-632) (Cocalico). To immunoprecipitate proteins cross-linked to substrate DNA, 50 ng of purified Mms4, Mus81, or Mms4-Mus81 dimer was incubated with 24 fmole of 32 P-labeled substrate DNA at 25°C for 15 min under the following conditions: 25 mM HEPES (pH 7.5), 0.5 mM DTT, 0.1% NP-40, 0.1 mg/mL BSA, and final volume of 15 µL. Binding reactions were cross-linked with UV light at a dose of 1000 J/m 2 in a Stratalinker (Stratagene) and incubated with either 20 µL (anti-Mms4) or 2 µL (antiMus81) anti-serum, on ice for 1 h in 200 µL of RIPA buffer (50 mM Tris at pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, and 0.1% SDS). Protein A sepharose resin was added to each reaction, mixed at 4°C for 1 h, and washed three times with 1 mL of RIPA buffer. The bound products were resolved on a 15% SDS-polyacrylamide gel and visualized with a PhosphorImager.
Preparation of DNA substrates for nuclease assays
All DNA structures were prepared from labeled oligonucleotides that were annealed and purified essentially as described (White and Lilley 1996) . The oligonucleotides (IDT) used in this study are: 888 (49 nucleotides), GACGCTGCCGAATTCTG GCGTTAGGAGATACCGATAAGCTTCGGCTTAA; 891 (49 nucleotides), ATCGATGTCTCTAGACAGCACGAGCCCTA ACGCCAGAATTCGGCAGCGT; 892 (49 nucleotides), GAC GCTGCCGAATTCTGGCTTGCTAGGACATCTTTGCCCA CGTTGACCC; 893 (50 nucleotides), TGGGTCAACGTGGGC AAAGATGTCCTAGCAATGTAATCGTCTATGACGTT; 894 (51 nucleotides), CAACGTCATAGACGATTACATTGCTAG GACATGCTGTCTAGAGACTATCGA; 895 (50 nucleotides), ATCGATAGTCTCTAGACAGCATGTCCTAGCAAGCCAG AATTCGGCAGCGT; 897 (49 nucleotides), GGGTCAACGT GGGCAAAGATGTCCTAGCAAGCCAGAATTCGGCAGCG TC; 940 (24 nucleotides), TAGCAAGCCAGAATTCGGCAG CGT; 992 (24 nucleotides), TTAAGCCGAAGCTTATCGGTA TCT; 994 (25 nucleotides), GCTCGTGCTGTCAGAGACATC GAT.
Nuclease assays
Assays were performed essentially as described (Habraken et al. 1994) . Protein was incubated with 10,000 cpm 32 P-labeled DNA substrate (2 fmole) in a final volume of 10 µL containing 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 10 mM MgCl 2 , 0.2 mM dithiothreitol, 0.1% NP-40, 0.1 mg/mL BSA, and 5% glycerol at 37°C for 30 min. After deproteinization by incubation with 0.1% SDS and 10 µg of proteinase K at 37°C for 10 min, the reaction products were electrophoresed through a 10% polyacrylamide gel. The gel was then dried and visualized by a PhosphorImager. For antibody inhibition, the Mms4-Mus81 protein was incubated with the antibodies at 4°C for 30 min prior to adding the cutting assay buffer and substrate.
